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Introduction
Biodiesel is promoted as a renewable and sustainable supplement for petroleum diesel and has received much attention in research over the last decades as it is a biodegradable and non-toxic fuel source. Biodiesel, often referred to as fatty acid methyl ester (FAME), is characterized as the alkyl esters of long chain of fatty acids derived from vegetable oils or animal fats. Indeed, the feedstock plays the most important role in biodiesel production process cost, comprising 70-90% of the biodiesel price. Therefore, waste cooking oils (WCOs), which are two or three times cheaper than virgin vegetable oils, are of high interest in biodiesel production [1, 2] , thereby potentially making it a sustainable substitute for petroleum diesel. Furthermore, collecting and reusing WCOs as a biodiesel feedstock or other bio-sourced derivatives, such as bio-lubricants [3, 4] , bio-asphalts [5] and bio-based surfactants [6] , instead of discarding them into sewers can significantly decrease costs of treating waste waters [3] . It should be pointed out that however, the use of WCO for biodiesel production may require extra pre-treatment processing due to the presence of free fatty acids (FFA), water and other impurities which can hinder the performance of the FAME producing reaction.
Amongst different biodiesel production technologies, including such as pyrolysis, alcoholysis, co-feeding with petroleum feedstock etc., transesterification has been one of the most common and preferred chemical modification processes [7, 8] . In this reaction, glycerides react with a short chain alcohol, such as methanol or ethanol, in presence of an alkaline, acid or enzyme catalyst. At the beginning of the reaction, oil and methanol form an immiscible liquid-liquid mixture that is mass transfer controlled due to the low solubility of these reactants. As the reaction occurs, however, the intermediates (diglycerides, monoglycerides) and methyl ester act as an emulsifier and the reaction medium is an emulsion of fine drops (or pseudo-homogeneous phase) [9] [10] [11] [12] . In the final stage of the reaction, the products (methyl esters and glycerol), which are immiscible, for two distinct liquid phases (1)
where Re o is the oscillatory Reynolds number, ρ is the fluid density, μ is the fluid viscosity, f is the oscillation frequency, x 0 is the center-to-peak oscillation amplitude and St is the Strouhal number. d e is the effective tube diameter for OBRs with multi-orifice baffles [21] :
where d is the tube diameter and n is the number of orifices in the baffle. Re o describes the nature of the flow generated by the maximum oscillatory velocity 2πfx 0 . For Re o < 250, the flow in the OBR is essentially axi-symmetrical and mixing intensity is low; for Re o > 2000, the flow becomes turbulent; at intermediate values of Re o , the flow is 3-dimensional and mixing is more intense than the laminar flow [22] . The Strouhal number (St) is a measure of vortex propagation inside each inter-baffle zone relative to the tube diameter: larger oscillation amplitudes cause smaller St values and improve the vortex formation. Mixing and eddy propagation within the OBR is also inherently related to the inter-baffle spacing. For a given oscillation amplitude, the interbaffle space should be large enough for vortices to expand and propagate. If the inter-baffle distance is too large, the vortices will not propagate through the full volume of the inter-baffle zone and produce stagnant regions [23] . Generally, the most adapted inter-baffle spacing is that which covers the maximum length of eddies without causing suppression or stagnation [23, 24] . Several early studies on OBRs with single orifice baffles have investigated the effect of baffle spacing on single phase mixing quality using qualitative flow visualization [25, 26] ; and gas-liquid mass transfer [24] . The results of these studies indicate an 'optimal' baffle spacing of 1.5 and 1.8 times the tube diameter, although an optimization approach was not used in their experiments. A baffle-spacing of 1.5 time the tube diameter is now considered as a basic design rule for OBRs. Later, in 1999, Smith used this recommendation for the design of multi-orifice baffled reactors, whereby he replaced the tube diameter by the effective tube diameter as given in Eq. (3) [27] . Amongst the different studies on OBRs, several have focused on biodiesel and FAME production. Harvey et al. [20] , evaluated the feasibility of a continuous OBR in the intensification of biodiesel production from rapeseed oil using single-orifice baffles in the presence of NaOH catalyst. Although no optimization process was done on the experimental factors (operating conditions or reactor geometry), it was found that the OBR allows methyl esters to be produced in much shorter residence times than the traditional batch stirred tank. The study shows that a product with a cetane number of 45 at 50°C in just 30 min. In another study, Phan et al. [28] used continuous mesoscale OBRs in the laminar flow regime for the screening process conditions. They also studied the effect of baffle design and found that the sharp edged helical baffle design significantly improves the mixing of immiscible oil and methanol phases in the laminar regime, compared with the single orifice baffled reactor. At 50°C and after a residence time of 10 min, the authors obtained methyl ester yields in the range of 78-85% depending on the methanol-to-oil ratio. Mazubert et al. [29] studied the process intensification of biodiesel production from waste cooking oil in a continuous glass OBR for relatively low temperatures and a few different oscillation conditions. At low temperature (27°C), the Re o in the range of 28-42 does not have a significant effect on reaction yield, which is between 82.3 wt% and 87.3 wt%. However, for low amplitude oscillations (Strouhal number equal to 0.16), reaction conversion was greatly diminished (38.1 wt%). At the highest achievable temperature in the reactor 44°C (due to limitations of the glass), 92.1 wt% conversion was obtained in 6 min for a methanol-to-oil of 6:1 and 1% KOH catalyst. Syam et al. [30] used a mechanistic approach to investigate the effect of different operating parameters (temperature, catalyst type, methanol-to-oil molar ratio) on biodiesel production from Jatropha oil in a pulsed loop reactor with annular baffles. The methanol to oil molar ratio of 6:1, the potassium hydroxide catalyst with the recommended amount of 1% (per oil weight), and the reaction temperature of 60°C were suggested as optimal operating parameters. Under these conditions, the authors obtained 99% yield of methyl esters in 10 min.
In all of the above-mentioned studies, the effect of OBR baffle spacing on biodiesel synthesis has not been investigated. Indeed, in these experimental set-ups, the baffle spacing was fixed at the so-called optimal value that was determined visually many years ago [22, 23, 24] . The effects of oscillation frequency and amplitude on methyl ester production are also not entirely straightforward. The objectives of this study are therefore to explore the effects of oscillation frequency and baffle spacing on FAME yield (after 5 min of reaction time) in a temperature range 40-60°C. To do this, we have used RSM for experimental design and then to model the system and find the optimal operating parameters amongst those studied.
Material and methods

Materials
Methanol of 99% purity and potassium hydroxide of 98% purity (Merck) were used in methoxide production. Ethyl acetate (Fluka) and BSTFA (Sigma-Aldrich) were used for gas chromatography (GC) sample preparation. The waste cooking oil (WCO) with < 1% FFA, was obtained from the TMU University restaurant in Iran. Prior to the reaction, WCO was filtrated and preheated at 100°C for about 3 h to vaporize its water content. The composition of WCO was determined by GC and is composed principally of oleic acid (32.9%wt), palmitic acid (30.4%wt) and linoleic acid (21.0%wt) with small amounts of stearic, linolenic and other fatty acids.
Experimental equipment
A vertical batch Oscillatory Baffled Reactor (OBR) with 0.06 m internal diameter and 0.55 m height and tri-orifice baffles ( Fig. 1) following the dimensions given by Nogueira et al. [21] was fabricated inhouse. The baffles had the capability of moving along the rod. The inter-baffle spacing, l, was varied between 0.05 m, 0.07 m and 0.09 m, corresponding to 1.45d e , 2d e and 2.6d e , respectively. The multi-orifice baffle was chosen since multi-orifice baffles were initially designed for the scaling up of OBRs [27] . Indeed, this baffle type has shown to reproduce the fluid mechanics and axial dispersion, which are observed in lab-scale reactors, in larger scale equipment [31] . It is also expected to again. The high difference in densities between glycerol and methyl ester causes phenomena such as stratification, which can lead to an incomplete reaction if there is no sufficient mixing, since most of the catalyst resides in glycerol phase [13, 14] . The most important limitation in biodiesel production, however, is the mass transfer process and it is therefore vital to mix the reactants, which have significantly different viscosities, effectively such that high interfacial area is created and mass transfer is enhanced. Previously, some important issues in biodiesel synthesis reaction, such as modeling of reaction kinetics and mass transfer, effects of different feedstocks and alcohols as well as other main reaction parameters have been investigated comprehensively in a mechanistic approach [14, 15] .
An oscillatory baffled reactor (OBR) is composed of a tube containing equally spaced orifice plate baffles. The oscillatory flow generates vortices near the baffles and thereby improves radial mixing and plug flow [16, 17] and enhances heat and mass transfer [18, 19] . In OBRs, the amplitude and frequency of oscillation are independent parameters that control the mixing process. The governing dimensionless groups for oscillatory flow mixing are [20] : be a good design for transesterification since this reaction is limited by mass transfer and the interfacial area can be created by high shear rates, which are produced at the edges of the baffle orifices [32] .
The OBR experimental rig consists of the vertically positioned jacketed OBR with a glass condenser (to return the possible methanol vapors into the reactor), the oscillation generating mechanism, a heating and circulation unit and a control unit. The oscillation generating mechanism is a set of 0.37 kW electromotor, gearbox and a reciprocating piston in the cylinder. The heat and circulation unit consists of a tank equipped with a thermocouple and a hot oil pump to circulate the heating fluid in the outer jacket of the OBR. The control unit allows regulation of the oscillation frequency using the inverter and the temperature via two PT-100 sensors (one is situated inside the OBR and the other in the heating tank).
Experimental procedure
In each experimental run, the WCO oil and the methoxide (solution of KOH and methanol) were poured inside the OBR with a methanol to oil molar ratio of 6:1 and a catalyst concentration of 1%, which have shown to provide the best reaction conversion in a number of studies [7, 29, 30, 33] . The reactor temperature (40°C, 50°C and 60°C) was stabilized before the oscillation generation mechanism started. The oscillation amplitude, x 0 , was set to 0.03 m, which corresponds to 0.3l to 0.6l depending on the baffle spacing. The oscillation frequency ranged from 2.4 to 4.9 Hz. These parameters provided oscillatory Reynolds numbers, Re o , approximately in the range 2000 to 4000, corresponding to turbulent flow and a Strouhal number of 0.09.
Product analysis
After 5 min of reaction time, a sample was taken from the OBR sampling port and was quickly quenched using icy water. The FAME and the glycerol were then separated using a centrifuge. Following this, about 50 mg of the FAME phase was poured into a micro-tube and 1 ml of internal standard solution for GC analysis (C17) with a concentration of 7 mg/ml was added. The samples were kept in a freezer at − 5°C to completely stop the reaction before the GC analysis. Approximately 0.5 μl of prepared solution were injected into the GC system. The Clarus 580 Gas Chromatography instrument (Perkin Elmer) was equipped with a flame ionization detector (FID) and biodiesel capillary column (Varian CP9080) with a length of 30 m, internal diameter of 0.32 mm and stationary phase thickness of 0.25 mm. Helium gas was used as the mobile phase. The column temperature program was adjusted according to the EN 14103 standard: the column temperature was firstly set at 60°C for 2 min, the temperatures was then increased at a rate of 10°C/min until 210°C and then at a rate of 5°C/min until 230°C where it remained constant for 10 min. The total required time for the product analysis was 31 min. In order to calculate the mass of methyl esters and the FAME yield after 5 min of reaction time in batch mode, the following formula was used [34, 35] :
where W FAME is the weight of methyl esters produced; A IS is the peak area of the internal standard; V IS is the volume of the internal standard solution (ml); M is the weight of biodiesel phase in the reaction mixture; M Oil is the average molar weight of oil (g/mol); ∑A is the total area of peaks in the chromatogram; C IS is the internal standard solution concentration (mg/ml); m is the weight of biodiesel for GC analysis; Y is the reaction yield percentage; W Oil is the waste oil weight; M FAME is the average molar weight (g/mol) of methyl esters produced.
Experimental design
Response surface methodology (RSM) is a collection of mathematical and statistical modeling techniques used for multiple regression analysis and to quantify the relationships between one or more measured responses and the vital input factors. There are typically two main purposes of considering a RSM model. Firstly, it can be employed to establish a relationship between independent operating parameters and a measured response that can then be used to predict the response for alternate values of the operating variables. Secondly, RSM can be used to determine the significance and the optimum settings of operating parameters that result in an optimum response over a predefined range of operating conditions. Another important advantage of using RSM is the fact that it decreases the number of required experiments for performance assessment in industrial applications [36] . There are however some limitations to RSM, like for many other modeling methods, including extrapolative prediction. A mechanistic modeling approach can provide some solutions [14, 15] , however, this may result in excessive experimental time and costs.
In this study, a 3-levels-3-factors Box-Behnken design was applied to evaluate the interaction of the independent variables, namely oscillation frequency, inter-baffle space and reaction temperature, in the OBR and their effects on the reaction yield of FAME. The Box-Behnken factorial design, including 12 factorial points and five center points, was applied for fitting a second-order response surface. The experimental runs were randomized to minimize the effects of unexpected errors in the observed responses. Moreover, five repeated center points were set to create uniform precision. Table 1 shows the encoded and physical levels of the independent variables used for the Box-Behnken experimental design and Table 2 tabulates the experimental runs performed and the resulting FAME yield for each run.
Using Design-Expert® Software (version 7), the least squares method was then used to suggest the best equation type to relate the experimental reaction yield to the operating variables. 
Results and discussion
RSM model and statistical analysis
The polynomial quadratic model suggested by the Design-Expert® Software that based on analysis of variance (ANOVA) is given in Eq. (6) in terms of coded factors. 
Where X 1 is the oscillation frequency, X 2 is the inter-baffle spacing and X 3 is the reaction temperature. The probability value (p-value) of this model is 0.0286, which is considered statistically significant if a significance level of 0.05 is assumed. Table 3 , shows the RSM model statistics the ANOVA analysis.
In this case, X 1 , X 3 , and X 1 2 are significant model terms. The model indicates that the effect of baffle-spacing is not that significant. The lack of fit F-value of 1.49 implies the Lack of fit is not significant relative to the pure error.
Interaction of experimental operating parameters
3.2.1. Oscillation frequency and inter-baffle spacing (X 1 • X 2 ) Fig. 2(a) shows the surface plot and design points indicating the interaction between oscillation frequency and inter-baffle spacing on the reaction yield when the reaction temperature is 60°C. Fig. 2(b) is a two-dimensional contour plot showing the reaction yield as a function of the oscillation frequency (X 1 ) and the inter-baffle spacing (X 2 ). It can be seen from these plots that the reaction yield increases about 4% when the oscillation frequency increases from about 2 Hz to approximately 4 Hz (Re o = 3312), however, the inter-baffle space has little effect on the yield. Indeed, increasing the oscillation frequency increases the Reynolds number, leading to higher turbulence and eddy/ vortex formation. This increased turbulence will promote drop breakup and an increase in interfacial area, which in turn enhances mass transfer and reaction yield [37] . However, at oscillation frequencies above approximately 4.5 Hz, no significant increase in biodiesel yield was recorded. This issue is attributable to reversible feature and the equilibrium position of the transesterification reaction. In other words, the maximum reaction conversion will not be affected unless a new equilibrium position is attained. Syam et al. [30] have also reported similar results. According to Fig. 2(b) , the symmetric shapes of contour lines indicates that the inter-baffle spacing does not have a significant effect on reaction yield. The statistical analysis of the model also confirms this result by providing a p-value of 0.6 for inter-baffle spacing and this is much > 0.05. This suggests that the inter-baffle spacing of tri-orifice baffles in this range with the oscillation amplitude of 0.03 m, does not have a significant effect on vortex formation and the reaction yield in biodiesel synthesis. Fig. 3(a) and (b) show the surface plot with design points and the contour plot indicating the effect of the interaction of oscillation frequency and reaction temperature on reaction yield, respectively. According to these plots, it can be seen that the interaction of temperature and oscillation frequency has a non-negligible effect on methyl ester production, even though the p-value is > 0.05, which means that it is not that significant. At temperatures < 45°C, oscillation frequency hardly affects reaction yield and at oscillation frequencies less than about 3 Hz, the yield is hardly affected by temperature. The former observation is due to the kinetics of the reaction whilst the latter observation indicates that the reaction is hindered at low frequencies due to a lack of interfacial area between reactants. As both oscillation frequency and reaction temperature increase, higher yields are obtained, thereby showing a synergistic effect of the oscillation frequency X 1 and temperature X 3 .
Oscillation frequency and reaction temperature (X
1 • X 3 )
3.2.3.
Inter-baffle spacing and reaction temperature (X 2 • X 3 ) Fig. 4 (a) and (b) depict the interactive effects of inter-baffle spacing and reaction temperature on the reaction yield using surface and contour plots for a frequency of 3.7 Hz. The contour plot in Fig. 4(b) shows that there appears to be only a slight interaction between inter-baffle space and temperature. Indeed, for a fixed reaction temperature, an increase in inter-baffle space does not cause any significant change in reaction yield; the yield depends mostly on temperature. This is an interesting result since according to the original studies on 'optimal' baffle spacing, the recommended value is 1.5d e . In this study, the interbaffle spacing varies between 1.45d e and 2.6d e , and there does not seem to be much impact on the process objective, i.e. the reaction yield, even though it can be noted that the highest yield is obtained at low values of baffle spacing close to 1.5d e (5 cm). The fact that no significant effect of baffle spacing was observed may due to the fact that the flow regime is fully turbulent. It is expected that in fully turbulent conditions, small scale eddies are controlling the creation of interfacial area between reactants and therefore reaction yield and therefore the impact of interbaffle spacing is attenuated. If the flow is not fully turbulent, the baffle spacing and oscillation amplitude have a greater effect on the propagation of vortices and mixing.
Process optimization
The optimal level of each operating parameter that gave the maximum response factor (reaction yield after 5 min) was determined using the regression polynomial equation obtained from RSM model. The optimum values of operating parameters of methyl ester production reaction in the OBR setup are indicated in Fig. 5 .
The optimum values for experimental variables were oscillation frequency of 4.1 Hz, the inter-baffle spacing of 5 cm and a reaction temperature of 60°C. Applying these optimum values, the reaction yield was predicted 81.9% with a desirability of 0.93. In order to confirm the predicted optimum values, they were applied in an experimental run and the reaction yield was measured as 82.0%. This proves excellent agreement of the RSM model with the experimental measurements. However, it is interesting to note that a reaction yield of 81.7% can be obtained for a baffle spacing of 9 cm, a frequency of 4.1 Hz and 60°C. This again shows that the baffle spacing does not have a significant impact on reaction performance. The optimal reaction yield was also determined by changing the optimization criteria on the different operating parameters. If we consider a reduction in the global energy consumption of the process, one may want to find the maximal reaction yield for minimum reaction temperature and/or oscillation frequency. The maximum reaction yield obtained when both reaction temperature and oscillation frequency are minimized is 78.% and it increases to 80.3% when only oscillation is minimized. For both of these results, the optimal oscillation frequency and inter-baffle spacing are 3.6 Hz and 7 cm, respectively. This again shows another value for inter-baffle spacing, thereby reinforcing the low impact of this parameter on FAME yield. According to Likozar et al. [14] , on the process economics of biodiesel production, the cost of operating at higher temperatures is much less important than the costs of feedstock and catalyst. Therefore, it appears that the best operating conditions for FAME production in the current system are approximately 4 Hz and a temperature of 60°C, regardless of inter-baffle spacing.
Conclusion
Response surface methodology successfully modeled and optimized biodiesel production in a batch oscillatory baffled reactor in turbulent flow. The RSM model was used to study the effects of oscillation frequency, inter-baffle spacing and reaction temperature and their interactions on the yield of methyl esters. The model suggested by RSM was a quadratic polynomial equation with a p-value of 0.0286.
It was found that the main parameter affecting reaction yield was temperature, but the interaction of temperature and oscillation frequency is also important. Indeed, if the frequency is too low, resulting in bad mixing, the temperature has very little impact on the reaction yield. However, the results show that it is not useful to use an oscillation frequency that is too high. After a certain limit, an increase in frequency no longer has a positive effect on the reaction. It is expected that this is due to the fact that interfacial area between the reactants has reached an equilibrium value and thereby resulting in no further improvement in reaction yield. The impact of inter-baffle spacing on reaction was found, however, to be very low. Although the optimum reaction yield was found for an inter-baffle spacing of 5 cm (1.45d e ), an oscillation frequency of 4.1 Hz and 60°C, similar reaction yields can be obtained at other values of the inter-baffle spacing. This result is different from the original recommendations of OBR design, which state that the best inter-baffle spacing is 1.5d e . Indeed, this widely accepted recommendation was obtained from qualitative flow visualization in single phase non-reactive flows in an OBR with single orifice baffles, and it was directly applied reactors with multi-orifice baffles with no further testing. The transesterification reaction studied here is a mass transfer limited liquid-liquid (multiphase) reaction that requires high interfacial area between reactants. The fact that inter-baffle spacing is not significant in this application suggests that the 'optimal' baffle spacing depends on the application and the process objective, which is in the current case, the generation of interfacial area to enhance the reaction. The current study is also carried out in the turbulent flow regime and it appears that the turbulence alone is sufficient to generate the required interfacial, therefore attenuating the effect of inter-baffle spacing, which in lower Reynold number flows, is important for mixing and vortex propagation.
An optimum reaction yield of 81.9% after only 5 min was found for an inter-baffle spacing of 5 cm (1.45d e ), an oscillation frequency of 4.1 Hz and 60°C, which was confirmed by an independent experimental test. Nevertheless, since the inter-baffle spacing has a negligible impact, it appears that a range of operating conditions with a frequency of approximately 4 Hz and a temperature of 60°C can allow similar reaction yield.
